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ABSTRACT
In this Letter we simultaneously interpret the spectral feature at ∼ 10 TeV in the cosmic-ray proton
spectrum recently reported by the DAMPE Collaboration together with the spectral break at ∼ 1 TeV
measured by H.E.S.S. in the lepton spectrum as signatures of one nearby hidden cosmic-ray accelerator.
We show that this interpretation is consistent with the anisotropy data as long as the rigidity scaling
of the diffusion coefficient features a hardening at ∼ 200 GV, as suggested by the light nuclear data
measured with high accuracy by the AMS-02 Collaboration. The spectral feature is applied consistently
to the large-scale diffuse cosmic-ray sea as well as to the particles injected by the source.
1. INTRODUCTION
The past years have witnessed a remarkable increase
in the accuracy of both hadronic and leptonic cosmic-ray
(CR) data. This advance allowed to pinpoint spectral
features in many different species at different energies,
which offer a unique opportunity to shed light on the
long-standing questions regarding the origin and trans-
port of the non-thermal population of high-energy cos-
mic particles in our Galaxy Gabici et al. (2019). In par-
ticular, the AMS-02 Collaboration measured the fluxes
of light nuclei and showed that the spectral index of
several species progressively hardens at high rigidities
(∼ 250 GeV), Aguilar et al. (2015a, 2016). However,
the observed hardening in secondary hadronic species is
twice as large as the one observed in primaries (Aguilar
et al. (2018)), suggesting a diffusive origin for this fea-
ture, as discussed for instance in Ge´nolini et al. (2017).
More recently, the DAMPE Collaboration has confirmed
this feature in the high-energy CR proton spectra and
reported a softening at 13.6 TeV, with the spectral index
changing from 2.60 to 2.85 (An et al. (2019)). This spec-
tral bump — independently measured by the ATIC and
NUCLEON experiments — might be originated from a
nearby Supernova Remnant (SNR). However, in order
to reconcile this possibility with the current anisotropy
data, an anomalous slow-diffusion zone around the rem-
nant has been invoked in several recent analyses (Fang
et al. (2020); Yuan et al. (2020)). In absence of such a
high-confinement region, the predicted anisotropy would
overshoot the observed data by more than one order
of magnitude. On the other hand, in the lepton do-
main, the H.E.S.S. (Aharonian et al. (2009); Kerszberg
(2017)), CALET (Adriani et al. (2018)) and DAMPE
(Ambrosi et al. (2017)) collaborations have consistently
measured a spectral break at ∼ 1 TeV, possibly point-
ing towards a nearby old remnant, as shown originally
in Recchia et al. (2019) and later elaborated in a wider
context in Fornieri et al. (2020). Moreover, attempts to
assign the high-energy (E ≥ 1 TeV) observed leptons to
known nearby sources — such as Vela and Cygnus Loop
— using radio data have recently revealed their sub-
dominant contributions (see for example Manconi et al.
(2019)).
In this paper, we propose a comprehensive scenario
that correctly reproduces all these spectral features.
The idea is that a nearby old Supernova Remnant is
responsible for both the hadronic bump measured by
DAMPE/NUCLEON/ATIC and the leptonic break re-
ported by H.E.S.S.
To do this, we consider a transport scenario featur-
ing a rigidity scaling that progressively hardens, as sug-
gested by AMS-02 light nuclei data, and show that —
within such transport scenario — the anisotropy con-
straints are satisfied.
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2The paper is structured as follows. In Section 2 we
describe the adopted transport model, with particular
attention to the phenomenological treatment that al-
lows to implement a variable slope of the diffusion co-
efficient for the nearby source solution as well. In Sec-
tion 3 we characterize the contributions from a hidden
nearby source, connecting for the first time the leptonic
and hadronic features and showing that those interpre-
tations are consistent with the CR dipole anisotropy.
Finally, in Section 4 and 5 we discuss the results and
derive some conclusions.
2. OUR TRANSPORT SETUP
In this section, we describe the propagation setup
that will be used throughout the paper, which is a
slightly modified version of the model settings presented
in Fornieri et al. (2020).
We consider a large-scale diffuse background of
hadronic and leptonic cosmic particles, plus a contri-
bution from a nearby accelerator. While the latter com-
ponent is computed in a semi-analytical way, the former
(i.e. a large-scale smooth contribution) is characterized
by solving the general diffusion-loss transport equation
with the DRAGON1 (Evoli et al. (2008); Evoli et al. (2017))
code. DRAGON takes into account all the physical pro-
cesses from low-energy up to high-energy effects, and
the physical parameters implemented in our run are the
same described in Fornieri et al. (2020).
However, a key difference with respect to the afore-
mentioned work resides in the assumption on the dif-
fusion coefficient. As mentioned in the introduction,
the more pronounced effect detected in the purely sec-
ondary species seems to point towards a feature in the
transport. For this reason, it appears quite natural that
equal changes in the transport properties should affect
the propagation of particles from nearby sources as well.
To consider this, we study the phenomenological setup
considered in Tomassetti (2012), where the slope of
the diffusion coefficient smoothly hardens as rigidity in-
creases, assuming the following expression:
γ(ρ) ≈ γhigh + ∆
1 + ξ1−ξ
(
ρ
ρ0
)∆ , (1)
where ρ is the particle rigidity, ρ0 is the reference rigidity
and (γhigh,∆, ξ) are free parameters of the model.
Within their THMb model (Two-Halo Model b), the
parameters take the values γhigh = 1/6, ∆ = 0.55,
ξ = 0.1, with a normalized diffusion coefficient D0 =
1 https://github.com/cosmicrays/DRAGON
1.21 · 1028 cm2 s−1 at reference rigidity 2 GV. The au-
thors show that the solution of the transport equation
with this setup is able to reproduce the high-energy
hardening measured in protons and heavier CR species,
as well as the secondary-over-primary ratio.
The key point shown in Tomassetti (2012) is that such
a setup is formally equivalent to a two-zone transport
model featuring a change in the properties of the inter-
stellar medium (ISM) between an inner-halo (|z| < ξL)
region and an extended-halo (ξL < |z| < L) region,
where L ∼ 5 kpc and ξ ∼ O(0.1).
In this paper the transport setup described in Equa-
tion (1) is adopted consistently in both the large-scale
propagation and in the propagation of particles from the
nearby remnant. We will show that it plays a key role in
reconciling the high-energy break in the all-lepton spec-
trum (Ee± ∼ 1 TeV) with the bump recently reported
by DAMPE in the proton spectrum at Ep ∼ 10 TeV,
correctly reproducing the CR anisotropy data.
3. A CONSISTENT PICTURE OF ELECTRON,
PROTON AND ANISOTROPY DATA
As pointed out in the introduction, particles coming
from observed nearby sources cannot account for most
of the measured high-energy leptons. However, it is nat-
ural to wonder whether it is plausible to invoke only one
additional hidden source or rather a plurality of them.
Based on the rate of Supernova events in the Galaxy
(Ferriere (2001)) and on the massive losses that leptons
undergo during the journey towards the Earth, we con-
clude that it is reasonable to consider only one nearby
and recent SNR explosion. The details of the calculation
are shown in Appendix D.
Therefore, within the transport setup presented
above, we discuss here a scenario based on the contri-
bution from an old, hidden Supernova Remnant as a
time-dependent source of cosmic electrons and protons.
The accelerator we are considering is characterized by
distance d = 350 pc and age tage = 2 ·105 yr. We assume
that particles remain confined inside the SN shock as
long as their energy is lower than the maximum allowed
energy discussed in Appendix C. This implies an energy-
dependent release time that is regulated by the different
stages of the SNR evolution and is different for protons
and electrons. After the escape, particles are injected
into the ISM according to the luminosity function L(t) =
L0
/(
1 +
tage
τd
)αd
, where τd = 10
5 yr, αd = 2.
3.1. All-lepton spectrum
We solve, for the first time in this framework, the
diffusion-loss equation written in the following general
3form:
∂f(E, t, r)
∂t
=
D(E)
r2
∂
∂r
r2
∂f
∂r
+
+
∂
∂E
(b(E)f) +Q(E, t, r),
(2)
where Q(E, t, r) = S(E)L(t)δ(r) takes into account a
time-dependent injection, D(E) = D0
(
E
E0
)δ(E)
and the
loss term,
b(E) = −4
3
cσT
[
f iKNUi + UB
]( E
mec2
)
, (3)
includes the Klein-Nishina (KN) relativistic correction
to the Inverse Compton (IC) cross-section, as discussed
in Hooper et al. (2017); Evoli et al. (2020).
The details of the calculation to solve Equation (2),
as well as the expression for the KN correction factor,
are presented in Appendix A.
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Figure 1. The all-lepton spectrum as the sum of a smooth
background of primary e− + secondary e± + extra e± (red
dashed line), a fit of the positron flux (blue dashed line) and
the single-source contribution calculated in this work for the
corresponding age tage = 2 · 105 yr (blue solid line). Other
ages (red and green solid lines) are added for comparison.
In Figure 1 we show the e+ + e− propagated spec-
trum resulting from the convolution of several compo-
nents, plotted against data from AMS-02 (Aguilar et al.
(2014)), CALET (Adriani et al. (2018)) and H.E.S.S.
(Kerszberg (2017)). Data from other experiments have
not been added to avoid superposition, being consistent
with the present ones. The smooth background (red
dashed line) is the sum of: (i) primary e−, injected
with DRAGON with a power-law spectrum Γpri e
−
inj = 2.7
and a cutoff Epri e
−
cut = 20 TeV that is estimated equat-
ing the acceleration and loss timescales (Vink (2012));
(ii) secondary e±, fixed by the DRAGON-propagated pri-
mary species; (iii) a smooth extra-component of primary
e+ + e− pairs, that represents the convolution of a large
(O(104)) number of old (tage > 106 yr) pulsars (see
Fornieri et al. (2020)).
The blue dashed curve represents a fit of the positron
flux, regardless of its physical origin (here we invoke
pulsars).
The three solid curves correspond to the contribution
from the hidden remnant discussed in this work. They
are computed by solving Equation (2) for different ages.
The electron population is injected with a single power-
law (slope Γe
−
inj = 2.4). The difference with respect to the
proton injection slope (see next section) may be justified
by sychrotron losses that electrons undergo before being
released (Diesing & Caprioli (2019)). The total energy
budget associated to the leptonic population is ' 1049
erg.
Finally, the black curve is the sum of all the con-
tributions, where we have chosen the source of age
tage = 2 · 105 yr as reference (blue solid).
The plot shows how the energy-dependent release cuts
off the low-energy particles (E . 100 GeV) that did not
have the time to be released and propagate to the Earth.
This effect is amplified by the KN correction. Indeed, a
corrected cross-section increases the propagated flux of
a factor ∼ 1.5 − 2, with respect to the non-relativistic
treatment, above energies E ∼ 200 GeV (Evoli et al.
(2020)). Therefore, in order to reproduce the ∼ 1 TeV
peak, a lower injected flux is needed.
As far as the luminosity function is concerned, we vary
αd ∈ [1, 3] and report negligible variations in the spec-
trum. On the other hand, while varying τd in the range
[104, 2 ·105] yr does not qualitatively change the results,
smaller values cannot reproduce the data points above
the ∼ TeV break. Indeed, since τd acts as a timescale
for the luminosity function, a quickly decaying luminos-
ity would approach the limit of a burst-like injection
(L(t) → L0 δ(t − trel) dt), and accordingly the ∼ TeV
peak energy allowed by the source age would be followed
by an abrupt cutoff in the spectrum. This leads us to
conclude that a declining luminosity from the source is
necessary to match the observations.
3.2. Proton spectrum
The proton data are characterized by a hardening at
∼ 200 GeV and a softening at energies as high as ∼ 13
TeV. Here, we connect this feature to the same hidden
remnant considered in the previous section.
In Figure 2, we show our result, corresponding to a
power-law injection spectrum of Γpinj = 2.1, and a data-
driven exponential high-energy cutoff implemented at
energy Ecut = 23 TeV. The normalization is consistent
with a total hadronic energy budget ' 3 · 1050 erg.
4The model is plotted against data point from AMS-
02 (Aguilar et al. (2015b)), Voyager (Cummings et al.
(2016)) and DAMPE (An et al. (2019)).
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Figure 2. The protons spectrum, resulting from the sum of
DRAGON modulated spectrum (black solid) and the solution of
the single-source transport equation computed in this work
for the age tage = 2 · 105 yr (blue solid line). Other ages (red
and green solid lines), as well as the unmodulated spectrum
(black dashed line) are added for comparison.
The smooth background is calculated using DRAGON
with the same physical parameters discussed in Fornieri
et al. (2020). The modulated spectrum is computed
with an effective potential 〈φmod = 0.54〉 (Usoskin et al.
(2005, 2011)). The three solid lines are solutions of
Equation (2) in the limit negligible losses (b(Et) ≈
b(E)→ 0), shown for three different ages.
The sum of all the contributions corresponds to a
source age tage = 2 · 105 yr. The total modulated (un-
modulated) flux associated to this case is shown as a
black solid (dashed) line. The Voyager data are also
shown in the plot and appear consistent with the un-
modulated total spectrum.
As for the case of the all-lepton spectrum, the effect
of the energy-dependent release cuts off the low-energy
(E . 100 GeV) part of the spectrum.
3.3. CR dipole anisotropy
The CR dipole anisotropy (DA) provides a crucial
complimentary probe that allows to constrain the model
proposed in this paper.
The high degree of isotropy (up to 1 part in ∼ 103)
detected by a variety of experiments in a wide energy
range is especially constraining as far as the contribution
from a local source is concerned.
In this section we compute the predicted dipole
anisotropy associated with the hidden remnant following
the formalism described in Appendix B. The interpre-
tation of a single source as the origin of the spectral
feature in the proton spectrum between 1 TeV and 10
TeV is heavily challenged in the context of a simple dif-
fusion setup characterized by a single power-law. This
consideration led the authors of several recent papers
to consider more complex diffusion scenarios featuring
a high-confinement zone near the source of interest (see
for instance Fang et al. (2020)). Here, we consider in-
stead the transport scenario directly suggested by the
hardening in the light nuclei reported by the AMS-02
Collaboration, as described in Section 2.
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Figure 3. Cosmic-ray dipole anisotropy amplitude calcu-
lated as the sum of a background anisotropy (green solid
line) and the single source contribution (red solid line) for the
source of age tage = 2 ·105 yr. Anisotropy data are consistent
with each other, therefore here we plot a subset of them, to
avoid confusion. The plotted points are from ARGO (Bartoli
et al. (2015, 2018)) and Tibet-ASγ (Amenomori (2017)).
In Figure 3, we show that the hypothesis of one nearby
old remnant originating the CR populations responsible
for both the leptonic and the hadronic features is com-
patible with the current anisotropy data. As described
in Appendix B, the dipole anisotropy can be computed
as the sum of two components: (i) the single-source con-
tribution, that assumes directional observations; (ii) the
averaged anisotropy of the large-scale background.
The second component typically points towards the
Galactic center and can be assumed to be a simple
power-law (Ahlers & Mertsch (2017)). To reproduce
this contribution, we use the fit parameters recently
suggested in Fang et al. (2020), according to which
the background anisotropy can be written as ∆bkg =
c1
(
E
1 PeV
)c2
, where (c1, c2) = (1.32 · 10−3, 0.62). The
result is the green solid line in the figure.
On the other hand, the single-source contribution is
found under the assumption of diffusive behaviour for
the released particles. This component corresponds to
5the red solid line in the figure, for the source of age
tage = 2 · 105 yr.
We want to remark that a key role is played by
the slope of the diffusion coefficient, that, according to
Equation (1), becomes harder in the high-energy region
(δ . 0.2 at E > 10 TeV).
4. DISCUSSION
As a first discussion point, we would like to mention
the phase of the anisotropy as an additional source of
information about the scenario proposed here. The dip
in the anisotropy measurement around ∼ 100 TeV is
a associated to a phase flip from right ascension R.A.
' 4 h to the direction of the Galactic Center. There-
fore, the direction associated to the low-energy domain
can possibly reveal a faint multi-wavelength signature
associated to the hypothetical remnant under consider-
ation. However, given the age considered in the present
work, it is reasonable to assume that the remnant is
currently in the final stage of its evolution, deep into
the radiative phase. Hence, we expect it to be quite
extended and the detection from a distance larger than
300 pc is expected to be very challenging. In particular,
if ∼ 100 GeV protons are still confined in the SNR at its
age, then one should expect a γ-ray emission as resulting
from pion decay cutting off around ∼ 10 GeV. Electrons
at these energies emit synchrotron radiation up to a fre-
quency of ∼ 300 GHz and the source may be of interest
for future Square-Kilometer Array (SKA) observations.
Moreover, electrons contribute to IC γ-ray emission up
to ∼ 100 MeV, ∼ 1 GeV and ∼ 10 GeV for IR, optical,
UV soft photons background.
A further important point is the number of nearby
sources that we may expect to contribute to the high-
energy part of the leptonic and hadronic spectra. We
remark that a limited number of young sources exist in
the vicinity of the Sun, and they may also provide a
sizable contribution to the observed fluxes. In particu-
lar, we emphasize the possible role of the young type II
Supernova Remnant in the southern constellation Vela.
The young age of this accelerator (' 1.1·104 yr) restricts
its potential signature in the lepton spectrum at energies
as large as ∼ 104 GeV, thus not limiting our proposed
scenario. However, its presence could constrain the pa-
rameters involved in the luminosity function and in the
energy-dependent release time. Indeed, a rough calcu-
lation of its emission based on our reference transport
setup has revealed a predicted flux that is strongly de-
pendent on the parameters of the model, and that can
span between a negligible contribution — as small as
more than 2 orders of magnitude below the level of the
data points — and a dominant one. However, a detailed
modeling of this object constrained by multi-wavelength
data is beyond the scope of the present work.
Moreover, we are confident that more accurate data
in this domain — E ∼ 1 − 50 TeV, subject of interest
for the Cherenkov Telescope Array (CTA) — expected
in the near future will help to disentangle the question,
possibly revealing the presence of a spectral feature.
5. CONCLUSIONS
In this paper we proposed the idea that the spec-
tral feature at ∼ 10 TeV in the cosmic-ray proton spec-
trum recently reported by the DAMPE Collaboration
together with the spectral break at ∼ 1 TeV measured
by H.E.S.S. in the lepton spectrum have a common ori-
gin and can be associated to a nearby, fading Supernova
Remnant.
We compute the propagation of cosmic particles from
such object in a spherically symmetric setup and as-
suming a luminosity that declines over time, and found
that all the available observables can be simultaneously
reproduced. The key ingredient in the calculation is a
transport setup based on a diffusion coefficient charac-
terized by a smooth transition to a progressively harder
scaling with rigidity at higher energies, as suggested by
the light nuclei spectra measured by the AMS-02 Collab-
oration. This feature allowed to reproduce the cosmic-
ray anisotropy data without any further assumption.
Moreover, the combined leptonic and hadronic data lead
us to characterize the properties of the particles acceler-
ated by such object in good agreement with theoretical
expectations.
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6APPENDIX
A. SINGLE-SOURCE SOLUTIONS WITH VARIABLE δ ≡ δ(E)
In this appendix we briefly illustrate the analytical solutions of the transport equation for a single source, in the
case where the slope of the diffusion coefficient changes with energy:
D(E) = D0
(
E
E0
)δ(E)
,
where D0 is the value at the reference energy E0.
In the energy regime we are interested (above ∼ 1 GeV), the transport process is nearly completely diffusive, and
low-energy effects such as advection and reacceleration can be neglected. Besides, for a point-like source, we assume
spherical symmetry. The transport equation can then be written as in Atoyan et al. (1995):
∂f(E, t, r)
∂t
=
D(E)
r2
∂
∂r
r2
∂f
∂r
+
∂
∂E
(b(E)f) +Q, (A1)
where Q(E, t, ~r) is the source term and b(E) ≡ dEdt is the rate of energy-loss, that depends on the specific particles we
are considering.
Lepton propagation . In the case of leptonic cosmic rays above ∼ 1 GeV, the energy-loss term accounts for Inverse
Compton (IC) scattering and synchrotron losses. The IC cross-section above ∼ 50 GeV gets modified by relativistic
effects, as shown in Evoli et al. (2020), and the loss rate can be written as follows:
b(E) = −4
3
cσT
[
f iKNUi + UB
]( E
mec2
)
(A2)
where σT ' 6.65·10−25 cm2 is the Thomson cross-section, (Ui, UB) are respectively the energy density of the Interstellar
Radiation Field (ISRF) components and of the background magnetic field, and f iKN is the approximated correction
factor shown in Hooper et al. (2017):
f iKN(E) '
45
64pi2 · (mec2/kBTi)2
45
64pi2 · (mec2/kBTi)2 + (E2/m2ec4)
, (A3)
where Ti are the black-body spectrum temperatures corresponding to the Ui. For each contribution we adopted the
reference value reported in Evoli et al. (2020).
The Green function of Equation (A1) reads:
f(r, t, E) =
Q(Et)b(Et)
pi3/2b(E)r3diff
· e−
r2
r2
diff , (A4)
where Et refers to the energy at a time (t− trel) ago and r2diff(Et, E) ≡ +4
∫ E
Et
D(E′)
b(E′) dE
′ is the square of the diffusive
distance travelled by a particle loosing its energy from Et to E. This solution is still general, in that it does not contain
any information about the injection term, that can be written Q(E, t, ~r) = S(E)L(t)δ(3)(r), where S(E) is the source
spectrum and L(t) the luminosity function.
The dependence of the diffusion slope on energy has to be included in the integral giving the diffusive distance√
r2diff , as follows:
r2diff(Et, E) = 4
∫ E
Et
D0
(
E′
E0
)δ(E′)
b(E′)
dE′ = 4D0E0
∫ E/E0
ωt=Et/E0
ωδ(E0ω)
b(E0ω)
dω, (A5)
where the last step is justified by the simple change of variable ω = E
′
E0
. In lack of an analytic function δ(ω), the
integral can be solved numerically.
7Hadron propagation . In the case of protons and heavier nuclei, we can neglect the loss processes considered for
leptons, as they would would start to play a role at much higher energies (above ∼ 100 TeV). Besides, spallation and
nuclear decay only affect the propagation of low energy particles (below ∼ 1 GeV).
Therefore, from the same Green function used for the leptons, Equation (A4), we can reduce to the hadronic
distribution function. Indeed, considering the losses as negligible, b(Et) ≈ b(E). Besides, the diffusive distance
√
r2diff
is not dominated by the loss timescale and becomes r2diff(E) = 4D(E)(t− trel).
In conclusion, the Green function for protons can be written as follows:
f(r, t, E) =
Q(Et)
pi3/2r3diff
· e−
r2
r2
diff =
Q(Et)
(4piD(E)(t− trel))3/2
· e− r
2
4D(E)(t−trel) . (A6)
In the above expression we can directly implement the effect of a variable diffusion slope as D(E) = D0
(
E
E0
)δ(E)
.
In order to obtain the propagated spectra at Earth, we have to integrate Equations (A4) and (A6) over time, from
the instant of the release from the source to the current time, featuring a model for the time evolution of the luminosity.
This is discussed in details in Atoyan et al. (1995), and summarized in Fornieri et al. (2020) (their Appendix A).
B. AMPLITUDE OF THE DIPOLE ANISOTROPY
The cosmic-ray dipole anisotropy is the first order of the expansion in spherical harmonics of the CR intensity as a
function of the arrival direction, I(θ, φ) Ahlers & Mertsch (2017). In the case of an isolated nearby source, the dipole
term is dominant and can be written as follows Ginzburg & Syrovatskii (1964):
I(α) = I¯ + δiI¯ cosα, δi =
Imax − Imin
Imax + Imin
, (B7)
where α is the angle of the observation line, denoted as nˆ, with respect to the source direction, labelled rˆ.
In the diffusive-regime approximation, we obtain:
δi =
3D(E)
c
∣∣∣∣∣∇fifi
∣∣∣∣∣, (B8)
where fi ≡ fi(r, t, E) is the distribution function of cosmic rays transported from the single source.
The total anisotropy, assuming the presence of a set of sources, can be written as:
∆tot =
∑
i fi δi rˆ · nˆ∑
i fi
. (B9)
If we directly observe in the direction of the anisotropy source, rˆ · nˆ = 1, and the total anisotropy can be decomposed
as the part coming from the dominant source plus an average term coming from the background:
∆tot ' fi δi∑
i fi
+
〈∑
i fi δi∑
i fi
〉
. (B10)
C. ENERGY-DEPENDENT RELEASE TIME FROM SUPERNOVA REMNANT SHOCKS
In this appendix we review the dominant mechanisms to confine particles inside the SN shocks. As leptons suffer
from severe energy losses and are ∼ 103 times less efficient than hadrons in generating streaming instabilities, the
release processes for hadrons and leptons will be discussed separately.
Release time for hadrons. Hadrons escape from SNRs because of two main mechanisms: (i) due to geometrical
losses, when their mean free path gets larger than a fraction of the shock radius (Berezhko et al. (1994)); (ii) due to
the limited current they are able to trigger upstream of the shock (Schure & Bell (2013)). In the latter case, the CR
current is necessary to trigger the non-resonant streaming instability and to produce magnetic field amplification at
8the shock precursor (Bell (2004)). As the non-resonant instability growth rate scales as u3sh, with ush velocity of the
shock — for a E−2 particle distribution that we assume hereafter — it likely controls the maximum CR energy at the
early stages of the evolution of the SNR shock, i.e. during free expansion and possibly Sedov-Taylor phases.
Maximum energies imposed by geometrical losses are set because the CR diffusive path in the precursor reaches a
fraction ξ < 1 of the shock radius Rsh, namely
` =
D(E)
ush(t)
= ξRsh(t), (C11)
where the diffusion coefficient is here parametrized in terms of its Bohm value D(E) = ηaccrLc/3, where ηacc is a
numerical factor ηacc ≥ 1. We consider relativistic particles of charge Ze, with a Larmor radius rL = E/ZeB(t)
(hereafter we only consider protons, so Z = 1). Therefore the maximum energy fixed by geometrical losses is
Emax,Geo =
3ξe
ηaccc
Rsh(t)ush(t)B(t). (C12)
Hereafter we fix ξ = 0.3 and ηacc = 1.
Limited-current loss process dominates in case of strong magnetic field amplification, hence during the SNR evolution
stages where the shock strength is high. The maximum CR energy in that case depends on the type of ambient medium:
either circum-stellar gas (CSM) — as for a core-collapse Supernova — or interstellar gas (ISM) — as for a type Ia
Supernova — (Schure & Bell (2013)):
φEesc,Cur,CSM =
e
√
pi
γτc
χush(t)
2Rsh(t)
√
ρ(t) , (C13)
φEesc,Cur,ISM =
e
√
pi
2γτc
χush(t)
2Rsh(t)
√
ρ, (C14)
where γτ is the number of e-folding growth time necessary to amplify the magnetic field (we take γτ = 5 hereafter),
χ = UCR/ρu
2
sh, is the fraction of the shock kinetic energy imparted into CRs (we take χ = 0.1 hereafter), ρ is the
ambient gas mass density and φ = ln(Ep,max/mpc
2).
We consider a shock radius scaling with time as ∼ tb, where b depends on the evolution stage: b = 1, b = 2/5,
b = 3/10, b = 1/4 in the free expansion (Free), Sedov-Taylor (Sed), pressure-driven snowplough (PDS) and momentum-
conservation phases (MCS), respectively. We use the scaling laws derived in Truelove & McKee (1999); Cioffi et al.
(1988) to evaluate the shock radius and speed at the transition between two phases. The magnetic field strength is
assumed to vary as a certain power of the shock speed, namely B(t) ∝ uash, where a may depend on the SNR evolution
stage. Once the time dependence of Ep,max is explicit, we can inverse it to find the release time t(Ep,max).
With this procedure, the timescales for the different stages of the SNR evolution, from the Sedov phase until the
dissipation of the remnant (merging stage), can be calculated as follows:
tSed,kyr = 0.3E
−1/2
SNR,51Mej,n
−1/3
T,1
tPDS,kyr =
36.1e−1E3/14SNR,51
ξ
5/14
n n
4/7
T,1
tMCS,kyr = min
[
61v3ej,8
ξ
9/14
n n
3/7
T,1E
3/14
SNR,51
,
476
(ξnΦc)9/14
]
tPDS,kyr
tmerge,kyr = 153
(
E
1/14
SNR,51n
1/7
T,1ξ
3/14
n
βC06
)10/7
tMCS,kyr,
(C15)
where ESNR,51 is the total energy of the SN explosion in units of 10
51 erg, Mej, is the mass of the ejected material in
units of 1 Solar masses, nT,1 is the ambient medium density in units of 1 cm
−3, ξn is the ambient medium metallicity,
vej,8 is the speed of the ejected material in units of 10
8 cm/s, Φc = 1 is the thermal plasma conductivity, β = 2 and
C06 = 1. In this work, we fix the energy budget to Etot,SNR = 10
51 erg, the ejecta mass Mej = 1M, the ejecta velocity
to vej = 10
9 cm/s and the ambient density to nT = 10 cm
−3. These timescales are expressed in kiloyears.
9In this work we consider that the maximum CR energy is current-limited in the free expansion and Sedov phases,
while it is limited by geometrical losses during the later radiative phases. Strong magnetic field amplification only
occurs during the first two adiabatic phases. The magnetic field is assumed to scale as u
3/2
sh in the adiabatic phases and
as ush in the radiative phases (see discussion in Vo¨lk et al. (2005)). We further assume that the maximum magnetic
field strength and the maximum CR energy are reached at the start of the Sedov phase. They are fixed to 100µG and
1 PeV respectively.
To summarize, we used Equation (C13) to calculate the proton escape energy as a function of time as follows:
• ln
(
Eesc,Cur(t)
mpc2
)
Eesc,Cur(t) = ln(EM (tSed))
(
t
tSed
)−6/5
, such that EM ≡ Ep,max(tSed) = 1 PeV
• Eesc,Geo,1(t) = EM(tPDS)
(
t
tPDS
)−11/10
= Eesc,Cur(tPDS)
(
t
tPDS
)−11/10
• Eesc,Geo,2(t) = EM(tMCS)
(
t
tMCS
)−5/4
= Eesc,Geo,1(tMCS)
(
t
tMCS
)−5/4
.
Release time for leptons. Besides the processes already discussed for hadrons, leptons are also sensitive to radiative
losses. The maximum energy fixed by radiative losses is Ee,max,loss. These losses can prevent them to escape the SNR
until the condition Ee,max,loss ≤ Ep,max (Ohira et al. (2012)). The energy Ee,max is set by the condition tacc = tloss where
tacc and tloss are the acceleration and loss timescales respectively. We assume here a simple form of the acceleration
timescale, tacc = ηaccf(r)DBohm/u
2
sh, where f(r) is a simple function of the shock compression ratio. For a parallel
shock f(r) ∼ 3r(r + 1)/(r − 1). However, in case that magnetic field amplification occurs upstream of the shock, we
find f(r) ∼ 6.6r/(r− 1) (Parizot et al. (2006)). A compression ratio r = 4 is adopted hereafter. The time dependence
of radiative losses is imposed by the time variation of the magnetic field strength B(t) in the synchrotron process.
Synchrotron loss-timescale for an electron of energy E is tloss,syn = 6pim
2
ec
4/σT cB(t)
2E, where me is the electron mass
and σT is the Thomson cross section.
In conclusion, assuming that geometrical losses are responsible for electron escape at each stage of the SN evolution
from the Sedov phase on, to calculate the electron escape energy as a function of time we proceed as follows:
• Eesc,Geo,0(t) = EM(tSed)
(
t
tSed
)−11/10
, such that EM ≡ Ee,max(tSed) = 100 TeV
• Eesc,Geo,1(t) = EM(tPDS)
(
t
tPDS
)−11/10
= Eesc,Geo,0(tPDS)
(
t
tPDS
)−11/10
• Eesc,Geo,2(t) = EM(tMCS)
(
t
tMCS
)−5/4
= Eesc,Geo,1(tMCS)
(
t
tMCS
)−5/4
.
D. ON THE EXPECTED NUMBER OF NEARBY HIDDEN REMNANTS
In this appendix, we discuss the motivations to consider only one additional source to look for in the vicinity of the
Earth. We consider the rate — per unit volume, at the solar circle, as a function of the Galactic latitude z — of both
type Ia and type II Supernova events Ferriere (2001):
RI(z) =
(
7.3 kpc−3 Myr−1
) · e− |z|325 pc
RII(z) =
(
50 kpc−3 Myr−1
) · {0.79 e−( |z|212 pc )2 + 0.21 e−( |z|636 pc )2} . (D16)
Since we are testing the hypothesis of a Supernova as source of high-energy leptons (Ee± > 1 TeV), we integrate
those rates in a cylinder of half-height hcyl = 1 kpc, as this is roughly the distance that those leptons can travel, due
to their massive energy-loss. Thus we need to compute:
nSNR[kpc
−2 ·Myr−1] =
∫ +1 kpc
−1 kpc
dz (RI(z) +RII(z)) . (D17)
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The result of the integral has to be multiplied by the base area of the cylinder A = pir2cyl, where rcyl = 1 kpc for
the same losses reasons, and by the lifetime of a typical Supernova Remnant, τage ∼ 5 · 105 yr. Therefore, within one
SNR lifetime and 1 kpc from the Earth, we expect NSNR ' 2.2 Supernova Remnants potentially contributing to the
observed lepton flux.
Since we already observe five of them Fornieri et al. (2020), we expect the lowest possible number of additional hidden
sources to dominate the observed all-lepton spectrum on Earth. This assumption is corroborated by the observation
of a directional bump in the dipole anisotropy amplitude (see Ahlers & Mertsch (2017) and references therein), as
discussed in Section 3.3.
As a comment on the estimation of the event rate, it might be argued that the Solar system is embedded in what
is referred to as the Local Bubble, a low-density (nHI . 0.1 cm−3) region of the Galaxy of radius rLB > 300 pc that
likely originated by the explosion of several SNe Pelgrims et al. (2020). This could imply a different rate of Supernova
events inside it. However, since the age of the Bubble is estimated to be ∼ O(107), which is much larger than the
average lifetime of a SN, this can only affect the calculation in the sense of lowering the number of expected events.
11
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